• The oxidation of DBT in a light hydrocarbon model was examined by response surface methodology • The considerable interactive effects of process variables were investigated and optimized • The global reactions mechanism and the effects of process variables on them were discussed • The optimum value of H 2 O 2 oxidant was obtained near the stoichiometric amount
In this research, the effects of process variables on the efficiency and mechanism of dibenzothiophene oxidation in formicacid/H 2 O 2 system for deep desulfurization of a light hydrocarbon model were systematically studied by statistical modelling and optimization using response surface methodology and implementing the central composite design. A quadratic regression model was developed to predict the yield of sulfur oxidation as the model response. The model indicated that temperature was the most significant effective factor and suggested an important interaction between temperature and H 2 O 2 /sulfur ratio; at temperatures above 56 °C, more excess oxidant was necessary because of instability of active peroxo intermediates and loss of H 2 O 2 due to thermal decomposition. In contrast, the water hindrance effect of H 2 O 2 aqueous solution in desulfurization progress was more significant at temperatures bellow 56 °C. In the optimization process, minimizing H 2 O 2 /sulfur ratio and catalyst consumption for maximum yield of desulfurization was economically considerable. The optimal condition was obtained at temperature of 57 °C, H 2 O 2 /sulfur mole ratio of 2.5 and catalyst dosage of 0.82 mL in 50 mL solution of DBT in n-hexane leading to a maximum oxidation yield of 95% after 1 h reaction. Good agreement between predicted and experimental results (less than 4% error) was found.
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Deep desulfurization of fuels to obtain a product with less than 10 ppm sulfur has become an important research subject worldwide [1] . The conventional hydrodesulfurization process (HDS) is highly efficient in removal of thiols, sulfides and disulfides from fuel but less effective for eliminating dibenzothiophene (DBT) and its derivatives, due to the steric hindrance of these compounds on the catalyst surface [2] . Therefore, elimination of these compounds by HDS requires severe operating conditions, including high H 2 pressure and temperature as well as larger reactors and high active catalysts. From the economical point of view, catalytic oxidative desulfurization (ODS) is one of the most promising alternative processes for obtaining ultra-low sulfur fuel. This process can potentially be used after HDS for deep desulfurization of fuel. In this process the organosulfur compounds are oxidized to their corresponding polar sulfones and then removed by solvent extraction or solid adsorption. The main advantage of ODS is theremoval of refractory organosulfur compounds such as DBT and its derivatives under atmospheric pressure and mild temperature (bellow 80 °C), without the use of expensive hydrogen.
Various oxidant agents including hydrogen peroxide [3, 4] , oxygen [5] and tertbutyl hydroperoxide [6, 7] have been used in the previous studies. However, hydrogen peroxide has been reported as the more promising oxidant due to the high selectivity, safety, environmental friendliness and process economics. To enhance the oxidation activity of the oxidizing reagent, several homogenous and heterogeneous catalysts including organic acids [3, 4, 8] , polyoxometalates [2, 9] , Ti-containing zeolites [10] , mesoporous molecular sieves [10] [11] [12] [13] or metal oxide supported on alumina or silica [14] [15] [16] [17] [18] are evaluated in different ODS systems. Some extractive solvents such as acetonitrile [15, 19] , DMF [4, 20] , methanol [4, 19] and DMSO [21] [26] have also been used as both extractant solvent and catalyst providing a new efficient option for ODS process. In addition, the previous research studies have investigated the effect of various operational variables to enhance the yield of desulfurization using classical methodology (varying a single variable while keeping all other variables fixed), with no consideration of the possible interactions between variables. In this regard, no systematic optimization has been performed and the reported results are questionable. For industrial application, selection of the cost effective ODS process with maximum yield of sulfur elimination is highly preferred. Response surface methodology (RSM) is a suitable statistical technique for systematic experimental design and modelling in order to investigate the effects and interactions of experimental variables and also to find the optimal process conditions, with a limited number of experiments [27] . The main purpose of this paper is to apply response surface methodology as a novel approach for examination of the interactive effects of ODS process variables including temperature, H 2 O 2 / /sulfur ratio and catalyst dosage on the mechanism and the yield of DBT oxidation when hydrogen peroxide is used as oxidant and formic acid as catalyst. Furthermore, this paper presents the optimal operational conditions for maximum efficiency of DBT oxidation for deep oxidative desulfurization of light hydrocarbon model via development a quadratic statistical model.
EXPERIMENTAL

Materials
All chemical materials used in this study were purchased from Merck chemical company and were used without further purification. The solution of dibenzothiophene (DBT) in n-hexane with 500 ppm concentration of sulfur was used as the light hydrocarbon model. Hydrogen peroxide (aqueous solution, 30 wt.%) was used as the oxidation reagent and formic acid (HCOOH, purity > 99%) as the catalyst.
Experiment method
Oxidation of DBT was carried out using H 2 O 2 and formic acid catalyst in a 100 mL glass batch reactor equipped with a condenser, thermometer, magnetic stirrer and a water bath for temperature control. In a typical run, 50 mL of solution of DBT in n-hexane with 500 ppm sulfur concentration was added to the reactor at atmospheric pressure. The reactor was heated up to a specified temperature. Then the desired amount of H 2 O 2 and formic acid catalyst were added and the solution was vigorously stirred (800 rpm) to minimize the resistance to mass transfer. The effect of three control factors including constant reaction temperature, initial molar ratio of H 2 O 2 to total initial amount of sulfur, and catalyst dosage were investigated. Upon completion of the reaction (after 1 h), the oil phase was taken for analysis of DBT oxidation. The samples were analyzed by a 3420A gas chromatograph using a flame ionization detector (GC-FID). A DB-5 capillary column (32 m length and 0.25 mm inner diameter) was used for the separation. Nitrogen was used as a carrier gas at a flow rate of 5 mL/min. The column temperature program used was: 100 °C for 3 min, heating rate of 6 °C/min up to 280 °C and maintaining for 10 min. The injector and detector temperatures were set at 280 and 300 °C, respectively.
Experimental design
Central composite design (CCD) which is the most popular response surface method (RSM) was selected for design of the experiments. All factors are studied in five levels (-α, -1, 0, +1 and +α) and the significance of the results is tested. Equation (1) is applied to transform a real value of each variable (X i ) to a dimensionless coded value (x i ) for statistical calculations [27] :
where X 0 is the real value in the central point and δX is the distance between the real value in the central point and real value in the superior or inferior level of the variable [27] . In this study, the reaction temperature (X 1 ), initial H 2 O 2 /sulfur mole ratio (X 2 ) and catalyst dosage (X 3 ) are chosen as three independent control variables. Levels of these variables and the central composite design including four replicate at the central point (eighteen oxidation experiments) are shown in Tables 1 and 2 , respectively. In the designed experiments, the effect of temperature variation is investigated from ambient to bellow n-hexane boiling point (67 °C) in order to avoid solvent evaporation. Also, the variation effect of H 2 O 2 /sulfur ratio is studied using excess amount of oxidant (H 2 O 2 /sufur ratio > 2) to ensure the presence of available oxidant for DBT oxidation. High and low axial levels of catalyst dosage were specified by range finding experiments. The response is the yield of desulfurization in the oxidation reaction as the dependent variable which is calculated from:
where C 0 and C t are initial and final sulfur concentration (ppm) in the oil phase of the reaction mixture, which was determined by GC-FID analysis. For statistical modeling, as well as description and optimization of the response, a quadratic model was chosen and fitted to the results according to [27] :
where Y, k, β 0 , x i and ε represent the predicted response, number of variables, constant term, independent variables, and residual associated to the experiments, respectively; β i , β ii and β ij represent linear, quadratic and interaction coefficients, respectively [27] .
RESULTS AND DISCUSSION
Evaluation of the developed model
The results of desulfurization at experimental conditions were listed in Table 2 . The yield of desul- Table 3 indicate that the developed quadratic model is significant for prediction of yield of desulfurization under the studied experimental domain. The P-value (< 0.05) shows that the fitted model is significant by 95% confidence. The comparison of the predicted and actual values of the sulfur elimination yield is presented in Figure 1 . The high value of correlation coefficient (R 2 = 0.97) indicates that the proposed mathematical model is well fitted to the experimental data.
Consideration of main variables effects
According to the previous studies and our experimental results, the reversible reaction of formic acid with H 2 O 2 produces peroxyformic acid (Scheme 1a) as a high active oxidant which can efficiently oxidize DBT to respective sulfoxide (DBTO) and then to respective sulfone (DBTO 2 ), as shown in Scheme 1b and c, respectively. Filippis et al. [28] conducted a kinetic and mechanism study on the peroxyformic acid formation in H 2 O 2 /formic acid system at temperatures ranging 30-60 °C, which is very close to our present experimental conditions. No hydrogen bonded dimer pairs were postulated and observed by Filippis et al. in their proposed reaction kinetics and mechanism at the investigated conditions. Therefore, the global reaction mechanism in Scheme 1 for H 2 O 2 / /formic acid ODS system is different from that proposed by Heimlich and Wallace [29] based on dimeric oxidizing agent for ODS of white oil solutions in a H 2 O 2 /acetic acid system at 50-100 °C. No DBTO was observed by GC-FID analysis of the oxidized DBT in n-hexane solution that confirmed a rapid oxidation of DBTO to DBTO 2 . Moreover, thermal decomposition of H 2 O 2 can occur at our experimental condition (Scheme 1d), especially at higher temperatures [30] .
The ANOVA results of the predicted statistical model for the yield of desulfurization confirm that three independent design variables have significant effects on the response. However, temperature has the highest positive coefficient in the model and therefore is a more significant variable than H 2 O 2 and formic acid amount variables for implementation of reversible reaction of Scheme 1a toward peroxyformic acid production and then DBT oxidation reactions illustrated in Scheme 1b and c. The positive coefficients of temperature and catalyst dosage factors in the obtained model (Eq. (4)), confirm positive effects of these two variables on desulfurization, while H 2 O 2 /sulfur ratio has a negative coefficient confirming its negative effect. Moreover, significant interaction between temperature and H 2 O 2 /sulfur ratio was obtained from analysis of the model, which is shown in Figure 2 . According to Figure 2 , decrease of the H 2 O 2 /sulfur ratio from 10.1 to 4.4 at temperatures less than 56 °C increases sulfur elimination, while at temperatures above 56 °C, decrease H 2 O 2 /sulfur ratio from 10.1 to 4.4 reduces the yield of desulfurization. Accordingly, it can be suggested that at temperatures less than 56 °C, the steric hindrance effect of water present in oxidant solution and produced from Scheme 1a is high significant in reduction of the efficiency of DBT oxidation by Scheme 1b and c. Therefore, low oxidant solution is desirable for DBT oxidation at lower temperatures. However, because of instability of peroxyformic acid at temperatures above 56 °C, higher H 2 O 2 concentration is necessary to prevent more reversing of Scheme 1a. Furthermore, thermal decomposition of H 2 O 2 at temperatures above 56 °C (Scheme 1c) can arise and partly reduce the oxidant concentration. Thus, a higher H 2 O 2 /sulfur ratio is desirable for DBT oxidation at higher temperatures than 56 °C, which was confirmed by Figure 2 . To display and compare the combined effects of two variables, three-dimensional response surface and the corresponding contour plots obtained from the fitted model are shown in Figure 3a -c. Each of these plots shows the effect of variation of two independent variables in the studied experimental range on the response, while the third variable is fixed at its central level. Figure 3a illustrates that both temperature and catalyst amount have positive significant effects on the response, but the influence of temperature is slighty more pronounced. Figure 3b indicates that at central level of temperature (45 °C), the increase of excess H 2 O 2 /sulfur ratio does not enhance the yield of DBT oxidation with hydrogen peroxide and formic acid mixture as the oxidizing system, because of the steric hindrance of water which has been in attendance of H 2 O 2 aqueous solution. Thus, as shown in Figure 3b , the effect of formic acid is much stronger than H 2 O 2 for improvement the formation of peroxyformic acid (Scheme 1a), and then the oxidation of DBT (Scheme 1b and c). The combined effect of temperature and H 2 O 2 /sulfur ratio shown in Figure 3c , illustrates that except at high temperatures (above 56 °C), the higher yields of sulfur elimination are located at lower H 2 O 2 /sulfur ratios near the stoichiometric value of 2. In addition, Figure 3c can confirm the interaction between temperature and H 2 O 2 /sulfur ratio, previously shown in Figure 2 . As a result, the water hindrance of excess H 2 O 2 aqueous solution in desulfurization progress is in contrast with the effect of excess reactant for the further formation of unstable active intermediates at high temperatures and reparation of H 2 O 2 concentration declined due to the thermal decomposition. Hence, the control and optimization of these operational variables should be very important for the maximum yield of sulfur elimination in this system.
Determination of the optimal conditions by proposed model
The purpose of response surface optimization in this research is to find the optimal process conditions for maximum yield of sulfur elimination. Moreover, minimizing H 2 O 2 /sulfur ratio and catalyst consumption are the other two principal targets for the industrial interests. Table 4 shows the results of three optimal cases obtained by the regression model based on the aforementioned targets. In the first case, the objective is only the maximization of sulfur elimination yield. This has been achieved as 96% when the temperature is 57 °C, H 2 O 2 /sulfur molar ratio is 7.3 and catalyst dosage is 0.81 mL. The objective in second case is maximizing the yield of sulfur elimination and minimizing H 2 O 2 /sulfur ratio together. Here the model suggests that temperature of 57 °C, H 2 O 2 /sulfur molar ratio of 2.5 and catalyst dosage of 0.82 mL are the optimal conditions predicting a yield of 95% for desulfurization process. This means that for 1% growth in process yield from 95 to 96%, H 2 O 2 /sulfur ratio is to be increased from 2.5 to 7.3 which does not seem economical. The third case deals with the most general situation when the objective is maximizing yield of sulfur elimination along with minimization of H 2 O 2 /sulfur ratio and catalyst consumption. In this case the model reveals that the temperature of 57 °C, H 2 O 2 /sulfur ratio of 2.5 and catalyst dosage of 0.4 mL are the optimal conditions leading to maximum yield of 80% for sulfur elimination.
Validation of the model
The desulfurization process was carried out under predicted optimal conditions to validate the statistical model and optimization. The obtained experimental results are presented in the last column of Table 4 . Comparison between predicted and actual values of maximum desulfurization yields indicates a good agreement (less than 4% error). CONCLUSION Efficient oxidation of DBT with H 2 O 2 and formic acid catalyst was modelled and optimized by central composite design. The results indicated that temperature was the most effective variable on the oxidation mechanism. At high temperatures, thermal decomposition of H 2 O 2 and instability of peroxyformic acid intermediates led to increase oxidant usage for DBT oxidation. The maximum yield of desulfurization and the use of minimum amount of oxidant and catalyst were the main targets for optimization. The results showed that after 1 hour, the maximum yield of desulfurization (95%) is achieved at temperature of 57 °C, minimum H 2 O 2 /sulfur ratio of 2.5, while catalyst (formic acid) dosage was 0.82 mL in 50 mL of model hydrocarbon. The actual optimum result obtained from experiment (93%) was in good concurrence with the predicted result. 
